Behavioral and event-related potential (ERP) studies on aphasia patients showed that lexical information is not lost but rather its integration into the working context is hampered. Studies have been conducted on the processing of sentence-level information (meaningful versus meaningless) and of word-level information (related versus unrelated) in aphasia patients, but we are not aware of any study that assesses the relationship between the two. In healthy subjects the processing of a single word in a sentence context has been studied using the N400 ERP. It was shown that, even when there is only a weak expectation of a final word in a sentence, this expectation will dominate word relatedness. In order to study the effect of semantic relatedness between words in sentence processing in aphasia patients, we conducted a crosseddesign ERP study, crossing the factors of word relatedness and sentence congruity. We tested aphasia patients with mild to minimum comprehension deficit and healthy young and older (age-matched with our patients) controls on a semantic anomaly judgment task when simultaneously recording EEG. Our results show that our aphasia patient's N400 amplitudes in response to the sentences of our crossed-design study were similar to those of our age-matched healthy subjects. However, we detected an increase in the N400 ERP latency in those patients, indicating a delay in the integration of the new word into the working context. Additionally, we observed a positive correlation between comprehension level of those patients and N400 effect in response to meaningful sentences without word relatedness contrasted to meaningless sentences without word relatedness.
INTRODUCTION
Aphasia is one of the most common neurological syndromes as up to 35% of post-stroke patients suffer from it Wade et al. (1986) , Kauhanen et al. (2000) . Aphasia is an impairment in the ability to formulate, express and/or comprehend written and/or spoken language (Freitas, 2012) . During the first 3-6 months post-onset, a spontaneous recovery of linguistic abilities can be observed (Lendrem and Lincoln, 1985) , but thereafter the odds of spontaneous improvement are very low (Basso et al., 1982) . Although, aphasia includes the problem of comprehension and/or production of both spoken and written language, the majority of aphasia studies on comprehension focus on the auditory modality only (Aerts, 2014) .
Patients with aphasia use a number of strategies for authentic reading (up to 28 in 3 patients with mild impairment discussed in Lynch et al., 2013) with the aim to improve the following functions: efficiency, contextualization, comprehension, and socialization. Some of those strategies might still lead to erroneous comprehension as in the case of grammatical reduction, during which the close class words (prepositions, determiners, conjunctions, and so on) are usually omitted, or the use of visual analogy and automaticity when reading aloud, during which the patient is looking for links between presented words. This is a big issue as reading deficits of an otherwise relatively recovered individual could seriously hinder a successful return to professional and social life.
One of the methods currently used for investigating language comprehension in aphasia patients is the event-related potential (ERP) -an EEG component time-locked to the presentation of a stimulus of interest (Luck, 2005) . When investigating semantic processing in those patients, particularly sentence semantics, many ERP studies rely on the auditory presentation of their stimuli (Swaab et al., 1997 (Swaab et al., , 1998 . In our ERP study on aphasics, we investigate semantic processing in sentence comprehension using written stimuli. The main ERP that is believed to reflect the processing of a potentially meaningful stimulus (congruent sentence or discourse, associatively-or semantically related word pairs) is the N400, a negative going potential that in young, healthy subjects starts around 250 ms after presentation of the stimulus of interest (in this case, a single word) and lasts till around 500 ms with a peak around 400 ms (whence its name). Its amplitude increases with the degree of incongruency of sentences or discourses or unrelatedness of word pairs (Kutas and Federmeier, 2011) . There are several theories about the significance of the N400 ERP: an index of the difficulty of retrieving word meaning from semantic memory (Lau et al., 2008) , the integration of word meaning into the working (active) context and general world knowledge (Hagoort et al., 2004) , the violation of the expectation of an upcoming word based on the active context (Kutas and Hillyard, 1980; Dambacher et al., 2006) , etc. Another point of discussion is whether the N400 represents lexical- (Deacon et al., 2000; Lau et al., 2009) or post-lexical processing of a word (Brown and Hagoort, 1993; Daltrozzo et al., 2012) .
The N400 potential has been repeatedly studied in patients with aphasia (Hagoort et al., 1996; Swaab et al., 1997; D'Arcy et al., 2003; Kojima and Kaga, 2003; Wassenaar and Hagoort, 2005) . The amplitude of the N400 was shown to highly correlate with neuro-linguistic test scores, whence showing its potential for assessing language abilities in patients with aphasia independently of behavioral measurements (D'Arcy et al., 2003) .
Some ERP studies on semantic incongruity in sentence comprehension showed that aphasics with mild or no comprehension deficit, established with the traditional aphasia test [e.g., Aachen Aphasia Test (AAT)], had an N400 potential in response to incongruent sentences similar to healthy agematched controls (in terms of both amplitude and latency). Those with moderate or severe comprehension deficit showed either diminished or delayed N400 potentials in response to incongruent sentences (Swaab et al., 1997) . Hagoort et al. (1996) showed that, when presented with a semantic-or associativepriming paradigm, the N400 potential (both amplitude and latency) of patients with very mild comprehension deficit was similar to that of healthy subjects while the N400 amplitude of patients with severe comprehension deficit was significantly reduced. Here, as well as in Swaab et al. (1997) , using semantically meaningful and meaningless sentences, they concluded that the severe comprehension deficit was a consequence of an impaired integration of individual word meaning into the working context, rather than the loss of lexico-semantic information. Additionally, a number of behavioral (Grindrod and Baum, 2003) and ERP studies (Swaab et al., 1998) , showed that, although lexical access is generally spared in aphasia patients, the lexical/contextual selection, hence, the integration of ambiguous words into sentence context is delayed. Unlike the mentioned studies, Kawohl et al. (2010) , using visually presented short sentences, showed that aphasic patients with high level of comprehension had a delayed N400 in response to incongruity. Furthermore, patients with severe comprehension deficit showed no N400 potential in response to incongruent sentences. They again suggested that this potential represents a reflection of semantic integration, which is delayed in aphasic patients (including the ones with mild comprehension deficit), and that word processing in patients with severe comprehension deficit differs from patients with mild comprehension deficit. Additionally, they showed that in those patients, repetition of a word does not play a significant role in processing incongruent sentences.
All mentioned studies suggest a delay or difficulty of integration into the active context or a disturbance in lexical access in aphasia patients rather than a loss of lexical-semantic information. But what about word integration in sentence context in case of conflicting word-and sentence -level information?
Although, in Swaab et al. (1997) comprehension of semantically incongruent sentences was studied and in Hagoort et al. (1996) shown that aphasia patients are still able to process both semantically and associatively related word-pairs, albeit with increased difficulty for those with more severe comprehension deficit, we are not aware of any study that investigated how word-associations are processed in sentence context in aphasia patients. In light of the strategies mentioned above, we believe it is important to investigate this topic in order to understand whether it leads to an increased value of word association in sentence processing in patients with aphasia. In healthy individuals, sentence processing depends on the lexical characteristics of the read word in the sentence (word frequency, word length and orthographic neighborhood size), lexicosemantic relationships between the words (lexico-semantic associations) and the expectation of the upcoming word (Van Petten and Kutas, 1990; Van Petten, 1993; Hoeks et al., 2004) . It was shown that, when the expectation of the upcoming word is high enough, it will completely over-ride the influence of lexical information. A clear example of expectation generation is for the last word of a sentence: for healthy subjects, it has been shown that sentence context can easily override word association information (Van Petten et al., 1999; Khachatryan et al., 2014) when contrasting final words of congruent sentences with incongruent ones. Moreover, even if there is a weak expectation of the final word in a sentence, those expectations rather than word-association decide the level of integration of the final word into the sentence context (Khachatryan et al., 2014) . Conversely, when word association was able to partially or completely modulate sentence processing (Van Petten, 1993; Kuperberg et al., 2003; Hoeks et al., 2004) , instead of an increased N400 amplitude in response to incongruent sentence with associations, a later positive ERP component, called Late Positive Complex (LPC) or P600 (as it occurs around 600 ms), was modulated. Here, the P600 in response to incongruent sentences with associations was more positive compared to other sentences. It was suggested that this component reflects the organization and update of the mental representation of incoming information (Brouwer and Hoeks, 2013) and, when word level information was in conflict with sentence level information, the effort to "fix" the mistake and integrate the word into the active context (Kuperberg et al., 2003; Hoeks et al., 2004) . Daltrozzo et al. (2012) by using audio presentation of masked sentences showed that P600 reflects post-lexical controlled processes, rather than automatic lexical ones. Coulson et al. (2005) advanced the investigation of wordassociation processing in sentence context by conducting a study on healthy young graduate students using different visual hemifield presentations and a crossed lexico-semantic priming paradigm (crossing factors of word-association and sentence congruity). They observed some degree of hemispheric asymmetry for word-association processing in sentence context. They embedded related and unrelated word-pairs into congruent and incongruent sentences (the word-pairs were the last words of the sentence), and presented them in the left or right visual hemifield. According to them, in this case, for some short period (enough to elicit the N400), information is processed only in one hemisphere. They showed that when related words embedded in incongruent sentences are presented to the right visual hemifield (left hemisphere), a small effect of association is observed. However, when presentation was switched to the left hemifield (right hemisphere), this effect was observed in congruent sentences. Hence, one expects that in aphasia patients, whose left hemisphere is impaired, the effect of word-association should also be observable.
Based on the Lynch et al. (2013) study on reading strategies and the one of Coulson et al. (2005) with lateralized presentation of lexico-semantic stimuli, we hypothesize that in aphasic patients word association might play a more significant role in comprehension of sentence level information than in healthy subjects. This might even be evident in patients with mild comprehension deficit (our target patient group). Additionally, based on previous N400 studies on aphasics (Kawohl et al., 2010) , we expect the amplitude and/or latency of the N400 potential of these patients to be different from healthy controls.
In order to address our hypothesis, we conducted an ERP experiment on aphasia patients with mild comprehension deficit using a crossed-design paradigm, where relatedness 1 between words (semantic and/or associative) and sentence congruity factors are crossed. We tested two control groups (young and older adults, the latter age-matched to our patients) to account for the effect of age on the N400 ERP, as it was shown that N400 amplitude and/or latency changes with age Faustmann et al., 2007) . If our hypothesis is correct, and word-association plays a prominent role in processing sentence-level information in those patients, then the N400 potential amplitude should be larger in response to sentences without associations between prime and target words irrespective of or in addition to sentence congruency. Otherwise, the N400 potential should not be different for sentences with or without associations as it was shown to be the case with healthy subjects (Van Petten et al., 1999) .
MATERIALS AND METHODS

Participants
A group of 20 healthy young graduate and undergraduate students [average age 20.95 years, standard deviation (SD) 1.9 years, nine females, four left handed], a group of 15 aphasia patients [average age 56.6 (SD = 12.0) years, six females, two premorbid left-handed] and 12 healthy older subjects [average age 52.5 (SD = 5.7) years, 10 females, one left handed] participated in the study. All participants had Dutch as their mother tongue. The average post-onset time for the patients was 27.1 [standard error (SEM) = 8.5] months. The cause of aphasia in 12 out of 15 patients was ischemic stroke, one patient had hemorrhagic stroke and two suffered from a hemorrhagic transformation of an initially ischemic stroke. Results from the Dutch version of the AAT (Graetz et al., 1991) for 13 of the patients and the lesion location of all 15 patients are listed in Table 1 . Two patients (M. I. and S. L.) did not have results on AAT; hence, we did not include them in some of the reported analyses. The diagnosis of aphasia was established by a speech and language therapist according to the Boston Classification of Aphasia (Goodglass and Kaplan, 1983) . Five patients suffered from amnestic aphasia, four from Broca, four from Wernicke, one from transcortical motorand one from transcortical sensory aphasia. Unlike patients, both young and older control subjects were paid for their participation. Patients were recruited from the Leuven University Hospitals and Ghent University Hospitals. All subjects had normal or corrected to normal vision, none of them reported a history of epileptic seizure or any neurological or psychiatric condition different from the one of interest (i.e., stroke that caused aphasia). None of them were on anti-epileptic or psychotropic medication. The study was conducted according to the latest version of Declaration of Helsinki, following ethical approval from our University Hospitals' Ethical Committee. Before the experiment and after being informed about its set-up and goal, all participants gave their written consent for the participation.
Materials
Two hundred eighty semantically correct (congruent) and incorrect (incongruent) sentences were used (equally divided). Sentences were partly composed by the authors and partly adapted from Swaab et al. (1997) and Hagoort (2003) . Before using these sentences in our EEG experiment, a written survey was administered to 40 graduate and undergraduate students asking them to complete the stem (i.e., the whole sentence besides the last word, further called target word) of those sentences with the first word that comes to mind (i.e., a sentence closing task). The average cloze probability of those sentences was 66.99% (SEM = 1.65). After that, four sentence groups were created by crossing factors of word association and sentence congruity ( Table 2 , note also the abbreviations per sentence group for quick referencing). Half of the original 280 sentences were kept congruent and the other half changed into incongruent ones. Incongruent sentences were composed by replacing the target word of a congruent sentence by one that does not semantically match the context of the sentence and renders it meaningless. In approximately half of both the congruent and incongruent sentences, the association between the target word (which was always a noun) and the closest open class word, i.e., a noun, verb, adverb, or adjective (i.e., the prime word), was present; in the other half, the association was absent. Three Dutch-speaking colleagues, who were blind to the sentence group, independently checked the meaningfulness of the congruent and incongruent sentences.
The lexical characteristics of the target words were balanced across sentence groups in such a way that a repeated measure ANOVA did not show any significant difference between word frequencies [F(3,275) = 0.27, p = 0.85], checked with the SUBTLEX Dutch word frequency database (Keuleers et al., 2010) , and both orthographic neighborhood (OTAN) [F(3,275) = 0.39, p = 0.76] and word length [F(3,275) = 0.82, p = 0.48] checked with the CLEARPOND non-commercial software (Marian et al., 2012) .
Word association strength values between prime/target wordpairs in both congruent and incongruent sentences with associations present (cong_HA and incong_HA groups in Table 2 ) were taken from the word-association database of Flemish-Dutch word-pairs (De Deyne and Storms, 2008) . This database was obtained by asking a large population of FlemishDutch subjects to list the three words that first come to mind when seeing a prime word (free association task). Association strength (AsSt) values of a given prime-target word pair is then expressed by the ratio between the number of subjects that replied with target word (NT arg et), in response to the prime, and the number of subjects (NTotal) presented with the prime: AsSt = NT arg et/NTotal.
In our case, the average association strength (with SEM in brackets) for the cong_HA group was 0.026 (0.0089) and incong_HA group was 0.1537 (0.0148). The Student's t-test showed a statistically significant difference between these values (p < < 0.0001).
Experimental Procedure
The experiment was conducted in a sound-attenuated, dimly lit room in the hospital (in case of patients) or experimental room in our laboratory (in case of healthy subjects). For the patients, the experiment consisted of two parts: the pencil and paper based Dutch version of the AAT (conducted by speech and language therapists MDL and GV, co-authors) and the computerized sentence comprehension test (on semantics) with simultaneous EEG recording (conducted by EK, first author). The order of the tests was counterbalanced across subjects, so that half of the patients did the AAT test first and the other half the computerized test. Patients also had a 30 min break between two tests to ensure that their performance would not be affected by fatigue.
For the computerized test, subjects were seated in a chair at a distance of approximately 70 cm from the LCD screen. Prior to the actual sentence comprehension test, for all subjects, an electro-oculogram (EOG) was recorded to clean EEG recordings from eye movements and blinks using the Revised ArtifactAligned Averaging (RAAA) procedure described in Croft and Barry (2000) . When recording eye movements, a white circle on a black background was moving vertically and horizontally starting from the center of the screen. Subjects were instructed to follow the circle with their eyes, without moving their head, and to refrain from blinking. When recording eye blinks, the same circle was coming down from the upper edge of the screen and was hitting a horizontal line that divided the screen. Subjects were instructed to focus on the center of the screen and to blink every time the circle hits the horizontal line. They were specifically cautioned not to track the circle. The following sentence comprehension test was split into six short blocks and subjects could take a short break every 5-7 min.
During the experiment, sentences were presented on the LCD screen, one word at a time, using white letters on a black background. Each word was presented during 500 ms with a jittered inter-stimulus interval (ISI) of approximately 300 ms on average (range of 200-500 ms). The ISI had a small jitter (±150 ms) in order to prevent an overlap of the ERPs generated in response to the previous words and to the target word (the latter is of our interest). At the end of each sentence, a blank screen appeared for 700 ms, which was followed by a question mark with two options [boxes with the words 'Goed' (correct) and 'Fout' (false)]. As soon as the subject saw the question mark, he/she should indicate whether the presented sentence was meaningful or meaningless by pressing the left or right mouse button, respectively (semantic anomaly judgment task). An explicit response was asked from the subject to keep him/her attentive and to ensure that each word was thoroughly processed. The button press response was delayed to avoid interference of the N400 with response related potentials . We also used the button press responses to compare the behavioral data with the electrophysiological recordings. For both control groups the hand for the button press was counterbalanced across subjects.
The stimuli were presented using Matlab's Psychophysics Toolbox (Brainard, 1997) .
EEG Acquisition
The EEG signal was acquired using 32 active Ag/AgCl electrodes mounted in a cap placed on the subject's head according to the international extended 10-20 system. Additionally, six external electrodes were placed: two on the right and left mastoids for offline re-referencing of the EEG signal and one above and below the left eye, as well as one at the external canthus of each eye, to record vertical and horizontal eye movements, respectively.
Conductive gel was applied to the surfaces of the external electrodes and into the halls of the electrode cap in order to improve conductance between those electrodes and the subject's skin. The signal was acquired continuously and amplified with a BIOSEMI Active II System (BIOSEMI, Amsterdam, The Netherlands) with a built-in fifth order 0.16-100 Hz pass band filter and at a 2048 Hz sampling rate. The signal was downsampled online from 2048 to 256 Hz. The signal quality was constantly inspected during the recordings.
For healthy controls, the whole experiment, including placing the electrodes, took around 1.5 h. For patients, with additional AAT testing and a 30 min break between two sessions, the whole experiment took around 2.5 h.
Data Analysis
The recorded signal from each electrode was re-referenced offline from BIOSEMI's common mode reference (CMR) to an averaged mastoid reference and filtered twice, using a fourth order Butterworth filter, a low-pass filtering with cutoff frequency of 15 Hz, and then a high-pass filtering with a cutoff frequency of 0.5 Hz. The correction of eye movement-and blink artifacts was conducted using the RAAA EOG correction method described in Croft and Barry (2000) using the external electrode recordings. Based on the calibration data, this algorithm calculates a coefficient b {i,j} that describes the influence of EOG channel i on EEG channel j. Correction of the EEG is then done by subtracting the correct proportion of each EOG channel from each EEG channel. A description of the RAAA algorithm can be found in Appendix A of Croft and Barry (2000) . After correcting on eye movement and eye blink artifacts, the signal was cut into epochs starting from 200 ms prior to the onset of the target word till 1000 ms post-onset. In order to further clean the data from remaining eye movement-and blink artifacts, as well as artifacts caused by muscle contraction or bad skin conductance, trials with amplitude larger than ±50 µV on any of the electrodes were rejected. Afterward, baseline correction was applied using the average signal in the 200 ms interval prior to the onset of the target word. For the trials that were kept (see above), amplitudes of the N400 and P600 responses were calculated as the average EEG amplitude in a time-interval, the beginning and duration of which varied across subject groups (young healthy subjects, older healthy subjects, and patients) depending on the latency and duration of the N400 potential. The time-interval of the P600 immediately followed that of the N400 and for all subjects chosen to end on 900 ms after presentation of the target word. The latter was motivated upon visual inspection of the epochs.
Prior to calculating the latency of the N400 potential for each subject group, we visually inspected a single subject's average ERP as well as the grand average ERP across subjects of each subject group per electrode. Then, we calculated the exact latency for electrode Cz based on the method described in Luck (2005) . According to this method, we performed an ANOVA with sentence group (four levels) as a fixed factor 2 for each time point of the average ERPs of all subjects within each subject group, starting from 250 ms post-stimulus onset and detect the first instance where the effect of sentence group was significant. If the significance of this effect was consistent over a 50 ms time interval (13 consecutively significant ANOVAs), we considered this instance as the onset latency of the N400 potential. The offset and, therefore, duration of the N400 potential for each subject group was estimated by visually inspecting a single subject's average ERP, as well as the grand average ERP across subjects of each subject group.
A subsample of 28 electrodes (all, besides the most frontal ones: Fp1, Fp2, AF3, and AF4) from 32 used for recording was chosen to investigate the effect of laterality only. The choice was made based on the known spatial distribution of the N400 potential (Kutas and Federmeier, 2011) . All other analyses were conducted on all 32 electrodes.
Data analysis was done in Matlab using the BIOSIG bio-signal processing toolbox (Vidaurre et al., 2011) , scalp plots were plotted using EEGLAB's eeg_topoplot function (Delorme and Makeig, 2004) .
Statistical Analysis
For the behavioral data, a mixed design analysis of variance (ANOVA) was applied (Verbeke and Molenberghs, 2000) with sentence congruity (Con., two levels: congruent and incongruent) and association (AS, two levels: with and without association) as intra-group-and subject group (SubG, three levels) as intergroup independent fixed variables and their interactions, and performance accuracy as dependent variable. For the EEG analysis, to keep the model simple, we separately compared each pair of subject groups in order to assess which ones were different. At the end, we had three SubG × Con × AS models with a 2 × 2 × 2 design: comparisons between young and older healthy controls, young controls and patients and older controls and patients. When evaluating each subject group separately, we studied the effects of Con, AS, and their interaction, on the N400 and P600 amplitudes within each subject group following a 2 × 2 structure. Additionally, we included subject as random effect in order to correct for associations within each subject. For further multiple comparisons, the Student's t-test was used with the Satterthwaite approximation for degrees of freedom, where appropriate, and Benjamini-Hochberg FDR correction for p-values (Benjamini and Hochberg, 1995) . A significance level of 5% was kept across the entire analysis.
In order to assess the effect of N400 scalp distribution, depending on subject group, we developed the statistical model to compare pairs of subject groups with the following fixed effects: left-right (three levels, left, medial, right), frontal-occipital (three levels, frontal, central, parieto-occipital) and subject group (SubG, three comparisons with two levels: young versus older control, young control versus patients, older control versus patients). As dependent variable, the mean N400 amplitude from the selected subsample of 28 electrodes was considered. The N400 amplitude for each trial was calculated by taking the mean ERP amplitude between onset -defined for each subject group using Luck's method (see Data Analysis) -and offset defined by visual inspection (again, see Data Analysis).
For the patient group, the Pearson's correlation was performed between the results of each subcomponent of the AAT test and the average amplitude of the N400 effect: the difference between N400 amplitude in response to each of the sentence groups (SG) and N400 amplitude in response to the incong_LA group (N400 SG -N400 incong_LA ), for each subject group, as well as performance accuracy (behavioral data from semantic anomaly judgment task).
RESULTS
Behavioral Data
Mixed design ANOVA with sentence congruity (Con., two levels), association (AS, two levels), subject group (SubG, three levels) and their interactions as independent factors showed a significant effects of Con [F(1,178) = 8.16, p = 0.0048], AS [F(1,178) = 4.77, p = 0.03], SubG [F(2,178) = 23.47, p < < 0.00001] and some of their interactions: Con × AS (p = 0.0013), and Con × SubG (p = 0.017). In general, patients performed worse compared to both control groups (p < 0.0005 in both comparisons): average hit-rate (with SEM in brackets) for patients was 0.876 (0.0372), for young healthy participants 0.964 (0.0075) and older healthy participants 0.963 (0.0103). The performance accuracy for each sentence group in each subject group is presented in Supplementary  Table S1 .
Post hoc pairwise comparison showed no statistical difference between performance accuracy in young and older healthy controls, for any of the sentence groups. A Student's t-test showed a statistically significant difference between patient group and young control group (Figure 1) for all sentence groups (p < 0.05) except for the incong_LA group where the difference was non-significant (p = 0.054). When comparing each sentence group between older controls and patients, the differences between performances on cong_HA (p = 0.036) and incong_HA (p = 0.011) were statistically significant. The differences between other two groups cong_LA (p = 0.057) and incong_LA (p = 0.055) were not statistically significant.
Within each subject group, a post hoc pairwise comparison using Student's t-test showed that meaningless sentences with association between words were significantly less accurately responded compared to other sentence groups for healthy young controls (p < 0.01 for all comparisons). Unlike this, for the older control group, the only significant difference between sentence groups was a difference in performance between the incong_HA and incong_LA sentence groups (p = 0.0043). For the aphasia group, the performance on incong_HA had a statistically significant lower accuracy compared to both cong_HA (p = 0.018) and cong_LA (p = 0.0265), however the performance on incong_HA in patients was statistically not different from incong_LA (p = 0.09).
For the patient group, a Pearson's correlation ran between the results of each subcomponent of the AAT test (Token Test, repetition, writing, naming, and comprehension) and the accuracy levels of each sentence group showed a significant correlation for several cases ( Table 3) . Values represent correlation strength (Rho), asterisks − the significance levels of the correlations.
ERP Data
Two patients (E. J. and P. I.) were excluded from ERP analysis because of excessive artifacts (after cleaning the data only eight trials were kept in E. J. and three trials in P. I.), hence, we report on ERPs from the remaining 13 patients. From the remaining subjects, in total 3% of the trials from the young control group, 30% from the older controls and 10% from the remaining 13 patients group were considered as artifact-contaminated (exceeding the ±50 µV threshold on any electrode) and were removed from further analysis.
Latency
The average latency onset of the N400 potential for healthy young controls, using Luck's method described above, was 274.2 (SEM = 20.04). For this group, the time range of the N400 potential was from 274.2 till 500 ms. For the older control group, the latency was 300 ms (SEM = 14.47) and the range accordingly from 300 till 500 ms. For the patient group, the N400 latency onset was 368.1 ms (SEM = 26.7) whence, for this group, the time-range of N400 potential was chosen as 368.1-579.9 ms. Therefore, from now on, when referring to the N400 potential or N400 effect we will rely on the average EEG amplitude given the time range for each of the subject groups. For the P600 potential, the latencies were chosen as 500 ms for healthy individuals and 580 ms for aphasia patients. We also performed a detailed temporal analysis of the N400 potential and found evidence for differences in N400 shape between healthy controls and patients (see Supplementary Material, "Evaluation of 50 ms time windows to compare N400 onset latencies" section) that could explain the observed differences in N400 latency between those groups.
Amplitude
As the number of trials per subject for each sentence group was not always the same (mainly following artifact rejection), the ERP effect for both N400 and P600 for each sentence group was assessed by taking the grand average effect for that particular sentence group over each subject's N400 effects within each subject group according to the following formula:
where N is the number of subjects, N400effect i the N400 effect for subject i, calculated with the following formula: (ave N400SG− ave N400incongLA ), where ave N400SG is the average N400 amplitude in response to the given sentence group and ave N400incongLA is the average N400 amplitude in response to the incong_LA sentence group for the individual subject. Table 4 lists the mean and SEM of the N400 and P600 effect sizes on electrode Cz for each sentence group and subject group. Effect size for P600 is calculated the same way as for N400, but considering the appropriate time window. Figure 2 represents the ERP plots for the central electrodes (Cz, Pz) of each subject group (young healthy controls, older healthy controls, and aphasia patients).
When applying a mixed effect model ANOVA on each pair of subject groups with the inclusion of subject group (SubG: young versus older healthy, young healthy versus patient, and older healthy versus patient) as inter-group-and sentence congruity (Con., two levels), and association (AS, two levels) as intra-group, and their interactions (2 × 2 × 2 design) as independent variables and ERP average amplitudes (N400 and P600) in response to each sentence group of each subject group on electrode Cz as dependent variable, the following results were observed (Table 5) . When comparing the young healthy group with the other two groups, effects of SubG, Con and their interaction (SubG × Con) were significant for both time windows (N400 and P600) for both comparisons, except for the effect of SubG × Con interaction on P600 (both comparisons). When comparing the older healthy group with the aphasia group the significant effect of SubG was observed only for the P600 potential, while the effect of Con was significant for both potentials. The effects of AS (p = 0.037), as well as SubG × Con interaction, were significant only for the N400 potential ( Table 5) .
We further studied the effects of congruity (Con.), lexical association (AS) and their interaction on the N400 and P600 amplitudes within each subject group separately. The 2 × 2 unstructured linear mixed effects model with subject as random effect within each subject group, applied to the mean amplitudes of N400 and P600 for the corresponding time-ranges, showed a significant effect of Con. on both N400 and P600 amplitudes of each subject group. For electrode Cz, the F and p values were as follows: young controls N400 F(1,5015) = 69.98 (p < < 0.0001), P600 F(1,5015) = 12.03 (p = 0.002), older controls N400 F(1,1873) = 10.46 (p = 0.0071), P600 F(1,1873) = 16.16 (p = 0.0023), and aphasia patients N400 F(1,3221) = 10.32 (p = 0.0068), P600 F(1,3221) = 17.36 (p = 0.0009). Neither the effect of AS nor Con. × AS interaction were significant in any of the subject groups for any of the mentioned potentials (for all groups p > > 0.05). A post hoc pairwise comparison (Student's t-test) of N400 and P600 amplitudes across sentence groups within each subject group (t-and p-values listed in Table 6 ) revealed a similar picture across the subject groups. As we can see from the Table 6 and Figure 2 , the N400 amplitudes in response to both congruent sentence groups (cong_HA and cong_LA) were significantly smaller compared to the ones in response to both incongruent groups (incong_HA and incong_LA). No significant difference was detected between N400 amplitudes in response to the cong_HA and cong_LA, as well as incong_HA and incong_LA sentence groups. Similarly, both incongruent sentence groups evoked equally stronger positivities in the later time window (P600) compared to the congruent sentences. Note, that for older controls the difference between cong_HA and incong_HA for P600 was no longer significant after correcting for multiple comparisons.
As the N400 is the main focus of the current article, and since the P600 results are similar to the ones for N400, the results for the following analyses are only shown for the N400.
Correlation Analysis
For two of the 13 artifact-free patient recordings included in the ERP study, there were no AAT test results (Table 1) ; hence, we excluded them from the correlation analysis.
The Pearson's correlation between the outcome of the AAT subtests and the N400 effect for each sentence group (Figure 3) showed a significant positive correlation between comprehension subtest and N400 effect in response to the cong_LA sentence group on a number of channels (see Figure 3) . For example, for electrode Pz, this correlation was ρ = 0.772, p = 0.0054, for electrode C4 -ρ = 0.828, p = 0.0017. Additionally, the outcome of the comprehension subtest positively correlated with N400 effect in response to cong_HA on a number of electrodes (Figure 3) . Similarly, the naming subtest score correlated positively with N400 effect in response to cong_LA and cong_HA (the last one to a lesser extent). Finally, on electrode Fp2, the Token Test score correlated negatively with N400 effect in response to both cong_LA and incong_HA groups.
Laterality Effect
The selected 28 electrodes were divided into 9 groups: left-frontal (F3, F7, FC5), medial-frontal (FC1, Fz, FC2), right-frontal (F4, F8, FC6), left-central (T7, C3, CP5), central (CP1, Cz, CP2), right-central (C4, CP6, T8), left parieto-occipital (P7, P3, PO3), medial parieto-occipital (Pz, O1, Oz, O2), and right parietooccipital (P4, P8, PO4). In order to investigate how the N400 effect changes spatially (Figure 4) , depending on subject group (the effects of aging and brain impairment causing aphasia), we applied mixed effect ANOVA on each pair of subject groups (SubG: young versus older controls, young controls versus patients and older controls versus patients). Hence, we had three 3 × 3 × 2 models (left-right × frontal-occipital × SubG). When comparing young and older controls, the effects of leftright (p = 0.001), frontal-occipital (p < < 0.001), and subject group (p < < 0.001) were significant. Similarly, the interactions FIGURE 2 | N400 and P600 potentials on central electrodes Cz and Pz for each subject group (young healthy controls, older healthy controls, and aphasia patients). The gray shaded areas represent the statistically significant differences between sentence groups. Negative voltages are plotted upward. The decrease in N400 amplitude in older control subjects and patients compared to the young control group and the increase in N400 onset latency in the patients compared to both control groups are observed.
between the following factors: frontal-occipital × left-right (p < < 0.001), frontal-occipital × SubG (p < < 0.001) and left-right × SubG (p < < 0.001), as well as the three-way interaction left-right × frontal-occipital × SubG (p < < 0.001) were significant. The results of the comparison between young controls and patients showed significant effects of all included factors: frontaloccipital, left-right and SubG (p < < 0.001 in all cases), as well as their interactions: frontal-occipital × left-right (p < < 0.001), frontal-occipital × SubG (p < < 0.001) and SubG × left-right (p = 0.0123). The effect of the three-way interaction was also significant (p < < 0.001).
Similarly, when comparing older healthy control group with patients, effects of all factors and their interactions were significant (in all cases p < < 0.0001).
DISCUSSION
We investigated the contribution of word-association in sentence processing in patients suffering from aphasia but with relatively spared comprehension. Our hypothesis was that wordassociation can have a significant role in sentence processing in aphasia patients and that the N400 and P600 ERPs in response Con. F = 110.12 * * * F = 128.89 * * * F = 94.39 * * * F = 22.11 * * * F = 30.01 * * * F = 58.6 * * * Con × AS F = 0.12
SubG × Con F = 8.14 * * F = 32.35 * * * F = 6.64 * F = 0.03
Degrees of freedom (DF): YC versus OC 1, 6692
YC versus P 1, 8362
The significant values are presented in bold. Significance levels are marked with asterisks and are represented with the following p-values: * p < 0.05, * * p < 0.01, and * * * p < 0.005. Coding of the subject groups is as follows: YC, young control; OC, older control; P, patients.
TABLE 6 | t-values for pairwise comparison (Student's t-test) of N400 and P600 amplitudes between sentence groups within each subject group with FDR correction for multiple comparisons.
Comparison
Young Controls
Older Controls Aphasia Patients N400 P600 N400 P600 N400 P600 
Significance level is presented with asterisks. The coding of significance level is as for the previous tables. The degrees of freedom (DF) are presented in brackets next to the t-values. Table S2 .
FIGURE 4 | Spatial distribution of N400 difference between congruent and incongruent sentences (top row: incong_HA -cong_HA, bottom row: incong_LA -cong_LA) across different subject groups (column-wise) given the time-range for each group. Color bars to the right of each pair of scalp plots in the same column refer to the amplitude difference between the mentioned sentence groups of the same subject group. The change in spatial distribution of negative activity (N400) across subject groups is presented.
to sentences with associations would be different from the ones in response to sentences without associations. To test our hypothesis, we recorded EEG in aphasia patients, young and older healthy controls in response to semantically congruent and incongruent sentences, equally divided into sentences with and without associations between prime and target words. Simultaneously, we recorded behavioral responses from our subjects and obtained the AAT results from aphasia patients. The N400 ERP results for our patients showed that here, as in healthy controls, sentence-level information overrides wordlevel information, which was shown by a significant effect of congruity and further pairwise comparison: in all three subject groups, the N400 amplitudes were smaller in response to congruent sentences compared to incongruent ones. On the other hand, unlike healthy young controls, when comparing older controls with aphasia patients, we observed a significant effect of AS, suggesting that word association plays some role in sentence processing for these two groups, which could also be age-related. But note that this is a very small effect as it shows up only when comparing older controls and patients but not when investigating each subject group separately. The presence of an association effect in our patient group can be further strengthened by another observation of the current study: a positive correlation between the outcome of the comprehension subtest of AAT and the N400 effect in response to cong_LA sentences for the centro-parietal electrodes (representative for N400 responses). This suggests that patients with more pronounced comprehension deficit will have a smaller N400 effect in response to cong_LA sentences, therefore a larger N400 potential in response to this sentence group and that these sentences could be more frequently perceived as incongruent by these patients. This observation is similar to Coulson et al.'s (2005) as they observed a small effect of lexical association in congruent sentences when presenting them in the left visual hemifield (right hemisphere). It also suggests that patients with more pronounced comprehension deficit (even if this deficit was still mild in those patients, see Table 1 ) will pay more attention to associations between words in congruent sentences, which facilitates their processing, compared to patients with better preserved comprehension. It is worth mentioning that, as shown by the results of behavioral data, the patients' performance on these sentences as a whole was not worse compared to the other congruent sentence group (cong_HA). As all our patients had relatively spared (or recovered) comprehension (Table 1) , the observed correlation between mild changes in the outcome of the comprehension subtest of AAT and the ERP result can be a consequence of the explicit task used. Indeed, Kojima and Kaga (2003) showed that mild lexicalsemantic impairments can be better detected with the N400 potential when the task is explicit rather than implicit. A similar correlation was observed between N400 effect of cong_LA group and naming subtest scores (again with centro-parietal spatial distribution), which might assume that the N400 potential serves as a predicting factor also for the patients' naming abilities. Unlike Coulson et al. (2005) , who observed an effect of word-association, when presenting these associations to only one visual hemifield, the effect of association (AS) was not significant in our aphasia patient group when tested separately (note that our patients also had a left hemisphere impairment). A possible explanation is that, after the left hemisphere incident, the right hemisphere gets involved into processing of congruity, hence, the facilitatory effect this hemisphere had for word association processing in healthy subjects (like in case of Coulson et al., 2005) , gained less significance after recovery. This can be considered as a compensatory mechanism, which is also supported by the observed shift of N400 spatial distribution in aphasia patients compared to older healthy controls (Figure 4) . As all our patients underwent rehabilitation, basing ourselves on the results of our laterality study (Figure 4 , different spatial distributions for healthy older controls and patients), we can assume that the generator(s) of the N400 ERP might include additional brain areas after rehabilitation, as a sign of compensation. This is also in accordance with the literature where the spatial distribution of the N400 potential shifted after intensive speech language therapy (Wilson et al., 2012) . On the other hand, when comparing older controls with aphasia patients, we did observe a significant effect of AS, suggesting that in both healthy older and patient groups a mild effect of association might be present. Additionally, the significant correlation between comprehension level and N400 effect of cong_LA sentences suggests that patients with more impaired comprehension might still rely on word-association when processing meaningful sentences. This is a subject of further study.
Our study also confirms previous reports (Swaab et al., 1997; Kawohl et al., 2010 ) that lexico-semantic information in patients with aphasia is not lost, but rather the integration of this information into the working context is delayed as we observed a delayed N400 response in this subject group compared to both healthy control groups. Similar to some other studies, we found no significant increase in latency in our older control group (Faustmann et al., 2007; Tsolaki et al., 2015) . Instead, we observed a reduction in N400 amplitude, which was also previously demonstrated (Kutas and Iragui, 1998; Federmeier and Kutas, 2005) (though note that they also observed an increased latency). The absence of a significant effect of subject group (SubG) on N400 amplitude, when comparing older control and patient groups, supports the notion that the N400 potential of aphasia patients with mild comprehension deficit is comparable to that of healthy age-matched controls in terms of amplitude (Hagoort et al., 1996; Swaab et al., 1997) . On the other hand, the increased N400 latency in those patients indicates a delayed semantic integration (though still normal given the N400 amplitude) of the word into working context of the sentence compared to age matched (older) controls. This is in accordance with several studies that reported on the N400 to reflect semantic integration in sentence or discourse context (Curran et al., 1993; van Berkum et al., 1999) . A similar observation was also reported by Kawohl et al. (2010) .
As to the P600 potential, we observed this potential together with N400 for all sentences and subject groups. In the study of van de Meerendonk et al. (2010) , it was shown that strong semantic violation, e.g., "The eye consisting of among other things a pupil, iris and sticker. . .., " can evoke both N400 and P600, whereas mild semantic violation, e.g., "The eye consisting of among other things a pupil, iris and eyebrow. . .., " evokes only N400. Therefore, as we observed an equally large P600 for both incongruent associated and unassociated sentences, we can assume that their semantic incongruity was equally strong. We observed no effect of association on P600 for any of the comparisons. This confirms the previous statement that sentences with and without associations with similar incongruity levels are processed in a similar manner also in terms of further re-analysis. However, unlike N400, there was a significant effect of SubG on P600 amplitudes when comparing older controls and aphasia patients, with a larger and better defined P600 for the aphasia patients (Figure 2) . This indicates that, in patients with aphasia, the later and probably more consciously evoked P600 component is more involved in the processing of semantic violation compared to age matched healthy individuals.
Another point worth mentioning is the difference between behavioral and EEG results in our study. The behavioral results showed that patients (but also young controls) performed worse on incong_HA sentences compared to congruent groups of sentences. Additionally, the comprehension subtest score of AAT in the patient group was positively correlated with the accuracy levels of both incongruent sentence groups. Hence, we can assume that patients with more severe comprehension deficit were by default considering sentences as congruent. However, our ERP study did not reveal any significant difference between processing incong_HA and incong_LA sentence groups in any of the subject groups. This might suggest the benefit of the N400 potential when investigating separate components of language processing independently from behavioral response.
There is one more general point to address: whether it is possible that long distance associations define the congruity of our sentences and whether it would be possible to have congruent sentences without associations in general. To address this question, we first remind the two main hypotheses about sentence processing in the brain (Lau et al., 2008) , especially in terms of N400 generation. According to the integration hypothesis (Kutas and Hillyard, 1980; Borovsky et al., 2012) , when a sentence is read, every upcoming word enters a "buffer" of working memory and tries to be integrated. If integration is not possible, this sentence is perceived as incongruent. According to the prediction hypothesis (Lau et al., 2013) , the words in the sentence evoke predictions about the upcoming word and when violated, the sentence is perceived as incongruent. In both hypotheses, it can be assumed that the context is developed from both syntactically correct formulations: words in specific categories and forms as well as appropriate semantic formulations: words that should, to some extent, have thematic and/or semantic/associative relations in the sentence. This would especially be true for sentences with high contextual constraint (CP > 95%). However, our stimuli contained a significant number of sentences with low to middle constraint (CP ranges 24.32-97.44), which were equally distributed across sentence groups. Therefore, the final words of originally congruent sentences (all sentences in the stimulus list) did not always have a high expectation. This suggests that the associations in those sentences were not always very strong and whence (especially the long range ones) not necessarily defining the congruity of the sentence.
On the other hand, as the previous words cumulate and build up the context, they should to some extent be connected (even weakly associated -semantically or thematically) to the target word in congruent sentences (both associated and unassociated). Yet, both our meaningless and meaningful sentences presented no effect of association. Additionally, our meaningful sentences differed from each other only based on one association between prime and target words (as according to the above mentioned logic, the long range associations would be present in both sentence groups), hence, keeping other factors between previous context and target words constant. Therefore, as our manipulation was done based on the closest prime-target relations in both groups of meaningful sentences, which was controlled for the presence or absence of associations, we can safely assume that long distance associations should not influence our results.
Our study might also have some clinical implications. We started with the hypothesis that in aphasic patients, word association might play a more significant role in comprehending sentence level information compared to healthy controls. However, our results only partially confirmed our hypothesis: a small effect of AS was observed when only comparing older controls with aphasia patients. The reason for this might be the fact that in our study we tested mild to minimal comprehension deficit patients. However, the observed correlations indicate that for more severe comprehension deficit patients, wordlevel information could indeed play a more significant role in processing of sentence-level information in congruent context compared to the healthy individuals. Therefore, when developing rehabilitation strategies based on semantic-relatedness, it could be beneficial to consider both word-and sentence-level information. Indeed, although patients after rehabilitation (all our patients underwent rehabilitation) could adhere to the "meaning first" principle, as healthy subjects do, the ones with less improved comprehension could additionally adopt another, compensatory strategy to improve comprehension. One of those strategies could be relying on existing associations between words in the presented sentences. But note that this was the case when these two information types (word level and sentence level) did not contradict each other, i.e., these words were embedded in congruent sentences. As a recommendation for future study, one would need to test patients with more pronounced comprehension deficits in order to further unveil the value of word-level information in sentence processing.
CONCLUSION
Aphasia patients with mild to minimal comprehension deficits process sentence-versus word-level information very much in the same way as healthy subjects: yielding to sentence level information in processing conflicting sentences (meaningless sentences with association between words). On the other hand, patients with more pronounced comprehension deficit, when processing meaningful sentences, could additionally rely on word-level information.
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